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LONG-LIVED PARTICLE

Long-Lived Particles (meta)-Stable Particles

signals in the lab DM; (in)direct detections
c⌧ & 0.01 mm
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• Impact on small-scale structure O(10) kpc
• signal on the sky: e.g. gamma-ray
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SMALL SCALE PROBLEMS?
•CDM works well at scale >100 kpc.
• Issues arise at scale O(10) kpc or smaller

•missing satellite problem
•too-big-to-fail problem
•core-cusp problem
•... and more

•Baryon may solve the problem
•Debate is not conclusive:
in this talk, these are motivation to consider an alternative non-
CDM model.



POPULAR MODELS
•Warm Dark Matter : 

freestreaming of DM suppresses small scales. 
mWDM ⇠ keV
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Long de-Broglie wavelength of DM suppresses small scales. 
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Long de-Broglie wavelength of DM suppresses small scales. 

•Ly-alpha forest data constraints:

mWDM > 5.3 keV
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QSO @ z=3observer

Cartoon by A. Kamada
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DM is CDM-like until z~3,  
z<3, DM decay makes daughter DM get kick velocity 
~ O(10) km/s: DM is WDM-like
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LATE DECAYING DM
Ly-alpha forest data: at z~3
Simple-minded solution:

DM is CDM-like until z~3,  
z<3, DM decay makes daughter DM get kick velocity 
~ O(10) km/s: DM is WDM-like

Peter1001.3870 

N-body Simulation (without baryons) says:

⌧DDM ⇠ 10 Gyr
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solves the problems.

Wang et al., 1406.0527 



LATE DECAYING DM
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Figure 1. Large-scale DM clustering in CDM (left) and DDM with Γ−1 = 40 Gyr, Vk = 100 km/s (right) of a 10 h−1 Mpc deep slice in the 50 ×

50 h−2 Mpc2 cosmological box at z = 0. The color scheme indicates the line-of-sight projected square of the density to emphasize the locations of dense
structures, such as halos within filaments. The large-scale structure of the CDM and DDM simulations are virtually identical.

Figure 2. Small-scale structure in a Milky Way mass halo (Z12) in CDM (left) and DDM models with Γ−1 = 40 Gyr and Vk = 100 km/s (middle) and Γ−1

= 10 Gyr and Vk = 20 km/s (right) within 260 kpc of the halo centers at z = 0. The color scheme indicates the line-of-sight projected square of the density in
order to emphasize the dense structures such as the host halo interiors and the associated subhalos. The DDM halos have slightly more diffuse central regions.
The abundance and structure of subhalos are altered significantly compared to CDM in both of the DDM simulations presented.

light daughters have no effect on halo properties, and they have neg-
ligible effect on the expansion rate of the Universe and the growth
of structure, even at late times, because their abundance is strongly
suppressed by the small mass loss fraction (Wang & Zentner 2012).

In order to make a direct comparison with prior simula-
tions, we used the same initial conditions for both our uniform
resolution simulations (B50) and our zoom simulations (Z12) as
Rocha et al. (2013). Moreover, we included a higher-resolution ver-
sion of the same Galactic halo zoom-in simulation (Z13) with
∼ 1/8 times smaller particle mass for the highest resolution re-
gion in order to test convergence and to study the detailed inter-
nal structures of Galactic subhalos. All simulations have the same
initial conditions as the fiducial CDM run starting at z = 250.
The cosmology used is based on WMAP7 results with ΩM=0.266,

ΩΛ=0.734, ns=0.963, h=0.71, and σ8=0.801. In each case, we have
identified halos using the publicly available Amiga Halo Finder
(AHF) (Knollmann & Knebe 2009) code. The halo radius can be
defined as the radius of a sphere within which the average density
is∆vir times larger than the background density ρb of the Universe:

Mvir = 4π/3ρb∆vir(z)r
3
vir, (1)

where the ∆vir(z) depends on both the redshift and the given cos-
mology (Bryan & Norman 1998). The maximum circular veloc-
ity, Vmax, of a test particle within a halo is given by Vmax ≡
max{[GM(< R) = R]1/2}. The maximum circular velocity is
achieved at a radius of Rmax. For an NFW profile, it is useful to
note that the escape speed from the center of a halo is related to the
maximum circular velocity by Vesc ≈ 3Vmax.

c⃝ 2014 RAS, MNRAS 000, ??–??
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• Solving missing satellite problem: reducing number of subhalos

• Solving too-big-to-fail problem: 
reducing central densities of subhalos

• Also alleviating Core-Cusp problem:

8 M.-Y. Wang et al.

Figure 7. Density profiles of halos of different masses at z = 0. The left panel shows a 1.3 × 1013M⊙ object from the 50 h−1 Mpc box cosmological
simulations; the middle panel shows the galactic host halo in the Z12 simulations; the right panel shows the density profiles of the four largest subhalos, ranked
by Vmax , of the Galaxy-sized host in the middle panel. The solid black lines indicate the density profiles from the CDM simulation; the orange dash-dotted
lines are from DDM model with Γ−1 = 10 Gyr, Vk = 20 km/s; the green dash-triple-dotted lines are from the DDM simulation with Γ−1 = 40 Gyr, Vk = 100
km/s. For these parameters, the impact of the decay process is not significant on the density profile of a group-size object, but the effects become visible for
halos below the Galactic scale.

halos in Figure 5, which is why the velocity function is uniformly
suppressed. For smaller Vk, we will expect to see a feature near
Vmax ∼ Vk in the velocity function of substructure, owing to the
difference in the effects of decay for Vmax

<
∼ Vk and Vmax

>
∼ Vk.

As mentioned above, our goal is to focus on the DDM mod-
els that exhibit interesting phenomenology on galactic and sub-
galactic scales, while not affecting larger-scale astrophysical limits.
For galaxy groups and clusters (forMvir ∼ 1013 − 1015M⊙ with
Vmax ∼300-1000 km/s), all the DDM models in this study have Vk

≪ Vmax; for galactic halos (Mvir ∼ 1012M⊙ with Vmax ∼150
km/s), only the model with Vk = 100 km/s is comparable to the
Vmax of the system. For the MW dwarf spheroidal satellite galax-
ies (Msub ∼ 108−109 M⊙ with Vmax ∼ 10-20 km/s), the models
with Vk = 20 km/s have recoil speeds comparable to the range of
the Vmax values for the systems of interest.

3.2.2 Milky Way Subhalo Abundace

In Figure 6, we focus attention on our high-resolution Galaxy-sized
halos and show the subhalo velocity functions for several different
DDM models. These curves show very different levels of suppres-
sion as a function of Vmax for the various DDM parameters. In
the left panel we consider the three models with Γ−1 = 40Gyr
and different values of Vk. From these results it is clear that the
DDM models with larger Vk more strongly suppress substructure
with higher Vmax. In the limit of small Vmax

<
∼ 10 km/s, the kick

velocity is significantly larger than Vmax and all three simulations
with Γ−1 = 40Gyr yield similar subhalo abundances. About 1/3
of these small subhalos remain.

In the right panel, we compare all four models with Vk =
20 km/s. These models differ in Γ−1. This plot shows that DDM
lifetime determines the level of substructure suppression at fixed
Vk, and that suppression becomes dramatically more significant
when Γ−1<

∼H−1
0 . It is interesting to notice that for Vmax

<
∼ 10

km/s, the subhalo number seems to be proportional to the decay
lifetime and does not depend on the kick velocity. This is because
the smallest recoil speeds in our simulations are still greater than

the circular velocities of these systems, so the decay lifetime sets
the fraction of particles ejected and therefore determines the sup-
pression of small subhalos. In the limit that Vk ≫ Vmax the effect
of DDM is determined almost entirely by the lifetime of the parti-
cles. For Γ−1 = 10 Gyr, about 1/10 of the small subhalos remain,
while for Γ−1 = 1 Gyr only ∼ 10 subhalos with Vmax

>
∼ 10 km/s

remain within the system at z = 0.
As we discussed earlier, if the kick velocity is much greater

than the typical circular velocity of the DM halo, DM particles are
ejected from the system. As discussed in Peter (2010), if the decay
lifetime is greater than dynamical time scale of the halos, the halos
will go through adiabatic expansion to accommodate changes to
the gravitational potential. This will result in a reduction of halo
size and a shift in the velocity function. For our galactic zoom-in
simulations, the DDM model with Γ−1=40 Gyr and Vk=100 km/s
matches this criterion for all the galactic subhalos in the system.
We find that the behavior of the simulated subhalo velocity function
agrees well with the analytical expectation.

However, when comparing to observations, it is likely that
a uniform reduction of the Galactic subhalo velocity function at
all circular velocities cannot describe the Milky Way satellites be-
cause a reasonable number of massive subhalos are still required to
host the observed Milky Way satellites (i.e. Koposov et al. (2008)).
Figure 6 shows that models with decay times Γ−1<

∼H−1
0 sup-

press the subhalo velocity function too severely even for a small
Vk ∼ 20 km/s. In order to match our simulations with current ob-
servational data, it is more reasonable to consider DDM models
with Vk

<
∼ 40 km/s and Γ−1 <

∼ 40 Gyr. This agrees with the re-
sults in Peter & Benson (2010), who examine the effects of DDM
on the number of Milky-Way satellites using semi-analytical mod-
els. They show that the most relevant parameter range is around
Vk ∼ 20-200 km/s for Γ−1<

∼ 30 Gyr. We will defer a more rigor-
ous study of constraints on DDM based on Galactic substructure to
future work.

We note that the formation of spurious halos, as observed
in WDM and HDM (Bode et al. 2001; Wang & White 2007;
Lovell et al. 2014) is unlikely in DDM simulations, even for rel-

c⃝ 2014 RAS, MNRAS 000, ??–??
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Figure 7. Density profiles of halos of different masses at z = 0. The left panel shows a 1.3 × 1013M⊙ object from the 50 h−1 Mpc box cosmological
simulations; the middle panel shows the galactic host halo in the Z12 simulations; the right panel shows the density profiles of the four largest subhalos, ranked
by Vmax , of the Galaxy-sized host in the middle panel. The solid black lines indicate the density profiles from the CDM simulation; the orange dash-dotted
lines are from DDM model with Γ−1 = 10 Gyr, Vk = 20 km/s; the green dash-triple-dotted lines are from the DDM simulation with Γ−1 = 40 Gyr, Vk = 100
km/s. For these parameters, the impact of the decay process is not significant on the density profile of a group-size object, but the effects become visible for
halos below the Galactic scale.
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DDM: LY-ALPHA FOREST
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HOW TO PROBE?
•Lensing can do. Nguyễn, Sehgal, Madhavacheril 1710.03747

•We may need to perform simulation with baryons.

Instead, we can ask

Q1: What particle physics provides DDM scenario?
Q2: What signal can we have?

DDM DM     +     light particle

•Good to know
⌧DDM
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LIGHT PARTICLE
Strong constraints for DDM → DM + e+e�/�/⌫⌫̄
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Lifetime Constraints for Late Dark Matter Decay

Nicole F. Bell, Ahmad J. Galea and Kalliopi Petraki

School of Physics, The University of Melbourne, Victoria 3010, Australia

We consider a class of late-decaying dark-matter models, in which a dark matter particle decays
to a heavy stable daughter of approximately the same mass, together with one or more relativistic
particles which carry away only a small fraction of the parent rest mass. Such decays can affect
galactic halo structure and evolution, and have been invoked as a remedy to some of the small-scale
structure-formation problems of cold dark matter. There are existing stringent limits on the dark
matter lifetime if the decays produce photons. By considering examples in which the relativistic
decay products instead consist of neutrinos or electron-position pairs, we derive stringent limits on
these scenarios for a wide range of dark matter masses. We thus eliminate a sizable portion of the
parameter space for these late-decay models if the dominant decay channel involves Standard Model
final states.

PACS numbers: 95.35.+d, 95.85.Pw, 98.62.Gq, 98.70.Vc

I. INTRODUCTION

Despite the ample gravitational evidence for the exis-
tence of dark matter (DM), its nature remains unknown.
A promising strategy for identifying the dark-matter par-
ticle is to search for a signature produced by DM decay
or annihilation, inside the Galactic halo or at cosmolog-
ical distances. Although such a signature has not yet
been identified, the observed radiation backgrounds have
served to constrain various decay and annihilation chan-
nels [1–13]. In many cases, this has resulted in stringent
limits on specific DM candidates.
In this paper we derive constraints for a class of models

in which DM decays dominantly via the process

χ→ χ′ + l, (1)

where χ′ is a massive stable particle, and l denotes one
or more light (or possibly massless) particles. Such decay
modes have been discussed in Refs. [14–19]. We focus on
the case where the mass splitting between the unstable
parent χ and the daughter particle χ′ is small,

∆m = mχ −mχ′ ≡ εmχ, (2)

where ε≪ 1. Since the decay replaces an χ DM particle
with an χ′ DM particle of approximately the same mass,
it does not change the DM energy density significantly
and it is thus not constrained to occur at time scales much
larger than the age of the Universe. This is quite different
from decaying DM scenarios in which the entire energy
of the DM is converted into relativistic species during
the decay, such as the model of Ref. [20]. The latter sce-
nario is stringently constrained by the cosmic microwave
background anisotropies, which set a lower limit on DM
lifetime of 123 Gyr at 1σ confidence level [21]. The DM
decay models we consider in this paper, in which most
of the energy is retained in the form of nonrelativistic
matter, may be most effectively constrained by compar-
ing the flux of the light particle(s) l emitted in the decay
against the observed radiation backgrounds.
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FIG. 1: Constraints on the dark-matter decay channels: (i)
χ → χ′ + γ, using the γ-ray line emission limits from the
Galactic center region and the isotropic diffuse photon back-
ground (irregular and smooth solid lines, respectively) [1]; (ii)
χ → χ′ + e− + e+ (dashed line); (iii) χ → χ′ + ν + ν̄ (dotted
line). The regions below the lines are excluded.

An interesting feature of this class of models is that
they offer a possible solution to some of the discrepancies
between galactic observations and small-scale structure
predictions of cold dark matter (CDM) simulations. In
CDM simulations, clustering proceeds hierarchically, in a
“bottom-up” fashion, resulting in rich structure at small
scales. Several disparities with galactic observations have
been identified [22–35]. For the disagreement to be re-
solved within the CDM paradigm, some mechanism that
modifies the standard CDM structure-formation picture
is necessary. If dark matter decays according to Eq. (1)
at time scales comparable to the age of the Universe, the
kinetic energy acquired by the heavy daughter, χ′, will ef-
fectively heat up the dark-matter haloes, and cause them
to expand. This can alleviate two of the most glaring
CDM problems, the cuspy density profiles of dark-matter
haloes and the over-prediction of satellite galaxies [14–
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We consider a class of late-decaying dark-matter models, in which a dark matter particle decays
to a heavy stable daughter of approximately the same mass, together with one or more relativistic
particles which carry away only a small fraction of the parent rest mass. Such decays can affect
galactic halo structure and evolution, and have been invoked as a remedy to some of the small-scale
structure-formation problems of cold dark matter. There are existing stringent limits on the dark
matter lifetime if the decays produce photons. By considering examples in which the relativistic
decay products instead consist of neutrinos or electron-position pairs, we derive stringent limits on
these scenarios for a wide range of dark matter masses. We thus eliminate a sizable portion of the
parameter space for these late-decay models if the dominant decay channel involves Standard Model
final states.

PACS numbers: 95.35.+d, 95.85.Pw, 98.62.Gq, 98.70.Vc

I. INTRODUCTION

Despite the ample gravitational evidence for the exis-
tence of dark matter (DM), its nature remains unknown.
A promising strategy for identifying the dark-matter par-
ticle is to search for a signature produced by DM decay
or annihilation, inside the Galactic halo or at cosmolog-
ical distances. Although such a signature has not yet
been identified, the observed radiation backgrounds have
served to constrain various decay and annihilation chan-
nels [1–13]. In many cases, this has resulted in stringent
limits on specific DM candidates.
In this paper we derive constraints for a class of models

in which DM decays dominantly via the process

χ→ χ′ + l, (1)

where χ′ is a massive stable particle, and l denotes one
or more light (or possibly massless) particles. Such decay
modes have been discussed in Refs. [14–19]. We focus on
the case where the mass splitting between the unstable
parent χ and the daughter particle χ′ is small,

∆m = mχ −mχ′ ≡ εmχ, (2)

where ε≪ 1. Since the decay replaces an χ DM particle
with an χ′ DM particle of approximately the same mass,
it does not change the DM energy density significantly
and it is thus not constrained to occur at time scales much
larger than the age of the Universe. This is quite different
from decaying DM scenarios in which the entire energy
of the DM is converted into relativistic species during
the decay, such as the model of Ref. [20]. The latter sce-
nario is stringently constrained by the cosmic microwave
background anisotropies, which set a lower limit on DM
lifetime of 123 Gyr at 1σ confidence level [21]. The DM
decay models we consider in this paper, in which most
of the energy is retained in the form of nonrelativistic
matter, may be most effectively constrained by compar-
ing the flux of the light particle(s) l emitted in the decay
against the observed radiation backgrounds.
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FIG. 1: Constraints on the dark-matter decay channels: (i)
χ → χ′ + γ, using the γ-ray line emission limits from the
Galactic center region and the isotropic diffuse photon back-
ground (irregular and smooth solid lines, respectively) [1]; (ii)
χ → χ′ + e− + e+ (dashed line); (iii) χ → χ′ + ν + ν̄ (dotted
line). The regions below the lines are excluded.

An interesting feature of this class of models is that
they offer a possible solution to some of the discrepancies
between galactic observations and small-scale structure
predictions of cold dark matter (CDM) simulations. In
CDM simulations, clustering proceeds hierarchically, in a
“bottom-up” fashion, resulting in rich structure at small
scales. Several disparities with galactic observations have
been identified [22–35]. For the disagreement to be re-
solved within the CDM paradigm, some mechanism that
modifies the standard CDM structure-formation picture
is necessary. If dark matter decays according to Eq. (1)
at time scales comparable to the age of the Universe, the
kinetic energy acquired by the heavy daughter, χ′, will ef-
fectively heat up the dark-matter haloes, and cause them
to expand. This can alleviate two of the most glaring
CDM problems, the cuspy density profiles of dark-matter
haloes and the over-prediction of satellite galaxies [14–
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Q: What is viable light particle?



AXION(-LIKE) PARTICLE
DDM Stable DM + light particle

Should not be EM charged & neutrino

• Axion-like particle: very weakly interacting (~1/f, f>109 GeV), well-
motivated.

• But induces a visible signal: ALP-photon conversion under magnetic 
field

• In our galaxy: galactic magnetic field expected, ~few µG

• Photon with E~Δm, signal morphology depends on magnetic field 
profile



AXINO(-LIKE) PARTICLE
DDM Stable DM + Non-interacting light particle

ALPGravitinoALPino

• Easy to construct in Supersymmetric models

• Good to predict the DDM relic abundance

• Plausible explanation for mass degeneracy of DDM and DM

Axino mass generated by SUSY breaking, ~m3/2



MASS DEGENERACY
• In SUSY limit, ALP multiplet is massless by shift symmetry.

• SUSY breaking generates ALPino mass: SUGRA says ~m3/2

In a simple example,
Goto, Yamaguchi; Chun, Kim, Nilles; Chun, Lukas
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Q+ c.c.
⌘
+ �

2
|Y |

2

⇣
|�|

2 +
���0��2

⌘
+O

✓
1

Mp

◆
.

UjRV

�7i2` i?2 bTQMi�M2Qmb #`2�FBM; Q7 SZ bvKK2i`v- r2 ;2i � QM2 HQQT +Q``2+iBQM iQ i?2 �tBMQ K�bb
i?Qm;? i?2 /B�;`�K b?QrM BM 6B;X j h?Bb /B�;`�K ;Bp2b mb � `�/B�iBp2 +Q``2+iBQM iQ i?2 �tBMQ
K�bb U�TT2M/Bt "V
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Axino to Axion: Solution to Small Scale Problems
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We show that an axino-like particle (ALPino) decaying into axion-like particle (ALP) and gravitino
with a lifetime around the age of the Universe solves small scale problems in the cold dark matter
paradigm. The ALPino mass is sub-PeV and just slightly (�m/m ⇠ 10�4) larger than the gravitino
mass and thus the dark matter density does not alter after the ALPino decays. On the other hand,
the resultant gravitino obtains a kick velocity of ⇠ 30 km/s, which is su�ciently large to impact
the dark matter distribution in small-size halos. Constraints from probes of high-redshift matter
distribution, such as Lyman-↵ forest measurements, are relieved when compared to the conventional
warm dark matter, since only a tiny fraction (⇠ 10%) of dark matter experience the decay at
that time. The decaying ALPino dark matter is thus promoted to a viable solution to small-scale
problems. The ALPino relic abundance is determined predominantly by the decay of the lightest
ordinary supersymmetric particle. The monochromatic ALP background emitted from the ALPino
decay may be converted to ⇠ 50GeV gamma ray background under the Galactic magnetic field. The
morphology of the gamma ray background shows a distinctive feature of the model when compared
to the usual decaying dark matter which directly produces pair of photons.

PACS numbers: 95.35.+d

Introduction – Cold dark matter (CDM) is a standard
paradigm of the large-scale (Mpc–Gpc) structure forma-
tion of the Universe, explaining a wide range of cosmolog-
ical observations such as cosmic microwave background
(CMB) anisotropies [1] and galaxy clustering [2]. Never-
theless, looking to the small-scale (sub-Mpc) matter dis-
tribution of the Universe, one finds a variety of discrep-
ancies between CDM predictions and observations [3].
For instance, N -body simulations have seen more sub-
clumps in Milky-Way-size halos than the observed num-
ber of dwarf spheroidal galaxies [4, 5]. Warm dark mat-
ter (WDM) was proposed to resolve this discrepancy
(which is called the missing satellite problem) by smear-
ing the primordial density contrast below a cut-o↵ scale
through free-streaming of DM particles [6, 7]. The free-
streaming e↵ect is maximal at matter-radiation equality
and thus suppressed are not only the formation of present
subgalactic halos but also the matter clustering at high
redshifts. Smoothed matter distribution at z = 3–5 is
probed and severely constrained by the recent Lyman-↵
forest data [8–11]. The WDM solution to the missing
satellite problem is not viable [12].

An alternative solution to the missing satellite problem
is given in the framework of decaying dark matter (DDM)
which decays into a nearly degenerate (�m/m ⇠ 10�4)
stable dark matter (SDM) particle and a light invisi-
ble particle [13–22]. Two parameters describe its phe-
nomenology: lifetime of the DDM particle ��1 and kick
velocity of the SDM particle Vk. A tiny mass di↵erence
implies that after the decay the mass density of dark
matter does not change virtually and light invisible par-
ticle carries away only tiny fraction of dark matter den-
sity. Therefore, DDM is safe from the cosmological con-

straints, e.g., through the Integrated Sachs-Wolfe e↵ect.
On the other hand, a sizable Vk, which is larger than
the virial velocity (but still much smaller than speed of
light due to the tiny mass di↵erence), leaves a significant
e↵ect on the halos. Actually, ��1

⇠ H
�1

0
' 10/h Gyr

(Hubble constant) and Vk ⇠ 20–40 km/s is suggested to
resolve not only the missing satellite problem but also
other small problems [21] such as the core-cusp prob-
lem [23, 24] and the too-big-to-fail problem [25, 26] by
flattening the DM density profile. In addition, this model
can easily evade constraints from the recent observations
of 21 cm signal [27] through formation of Pop-III stars
and reionization [28, 29]. Meanwhile, its impact on the
Lyman-↵ forest is weakened when compared to WDM
since only 14% of mother particles decay with ��1 = H

�1

0

before z = 3 while 62% of mother particles decay before
z = 0. Figure 1 illustrates the viability of the DDM so-
lution to small scale problems in view of recent Lyman-↵
forest data. We translated the reported constraints on
the thermal WDM mass mwdm into the DDM parameter
space by closely following Ref. [22], while the dedicated
study as Ref. [19] is preferable but beyond the scope of
this paper.

In contrast to the intriguing structure formation in
DDM models, investigation of the following two aspects
seems missing:

• concrete particle physics model interrelating Vk ⇠

10�4 and ��1
⇠ H

�1

0
with more fundamental pa-

rameters and providing a DDM production mecha-
nism.

• prospects of finding distinctive signals of a certain
DDM model apart from its structure formation,
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• Consider an effective Lagrangian,
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FIG. 1: DDM parameter space. The red line indicates the
region suggested to be a solution to the small-scale prob-
lems [21]. The black dashed line is taken from Ref. [19], where
DDM is directly examined by the Lyman-↵ forest data. The
other lines are constraints translated from the reported lower
bounds on the thermal WDM mass: mwdm > 2.0 (green) [30],
3.3 (blue) [8], 4.09 (cyan) [9], and 5.3 keV (brown) [10].
One can see that once the constraint becomes as tight as
mwdm & 7.0 keV, the DDM solution will be severely con-
strained by the Lyman-↵ forest data.

making it possible to discriminate the DDM so-
lution from the complex baryon feedback on the
small-scale problems [31–33].

In regard of the distinctive signal, we focus on a light
invisible particle produced by DDM decay. The emitted
light particle is severely constrained if it interacts elec-
tromagnetically and actually even if it is neutrino [15]
and thus one may introduce a new invisible particle. An
axion-like particle (ALP) is a good candidate for such
light invisible particle since its coupling is much more
suppressed by large scale (e.g., & 109 GeV for QCD ax-
ion). If the emitted ALP is converted to photon under
the Galactic magnetic field, on the other hand, the signal
can provide a unique feature of the DDM model consid-
ered. The photon has the energy corresponding to mass
di↵erence between DDM and SDM. The morphology of
the signal depends on that of magnetic field in our galaxy
and thus is distinguishable from the usual dark matter
direct decay into photons.

While ALP is an invisible particle from DDM decay,
it is straightforward to consider axino-like particle
(ALPino) and gravitino as DDM and SDM. In this
Letter, we consider a supersymmetric (SUSY) extension
of the standard model plus ALP. A fermion partner of
ALP (a), i.e., ALPino (ã), is the next-to-the-lightest
supersymmetric particle (NLSP) and a fermion partner
of graviton, i.e., gravitino ( µ), is the LSP. We consider
that they have the same mass at the tree level, while
the ALPino mass is slightly shifted up by the quantum
correction. Intriguingly, the lifetime of ALPino is
about the age of the Universe when the gravitino mass
is at the sub-PeV scale and �m/m ⇠ 10�4. Such a

high-scale SUSY is compatible with the 125GeV SM
Higgs mass [34, 35], although it does not solve a little
hierarchy or improve the grand unification since we take
gaugino masses as high as PeV. Nevertheless, we believe
that it is encouraging that DDM is realized in SUSY
models, where the parameters are well-controlled by the
symmetry. ALPino is thermally produced [36, 37] during
the reheating of the Universe and when the inflaton os-
cillation or some abundant long-lived particles dominate
the energy density of the Universe. A similar high-energy
SUSY scenario has been suggested recently [38–40], while
DM phenomenology is rich in our case. Meanwhile,
the gravitino yield from the thermal production [41–43]
and ALP relic abundance through the misalignment
mechanism [44] are subdominant. ALPs emitted by the
ALPino decay is seemingly harmless, while the Galactic
magnetic field may convert them to O(10) GeV gamma
rays, which could be detected in existing and near future
facilities such as Fermi-LAT [45, 46] and CTA [47].

ALPino Model – We work in a simple SUSY ALP
model where ALP superfield (A) couples to gauge super-
fields of hypercharge U(1) (or equivalently electromag-
netic U(1)) and hidden QCD-like SU(N)h interactions.

The interactions are described by the e↵ective super-
potential,

We↵ = �
p

2gaB A WBWB �
p

2gagh A W
a
h
W

a
h

, (1)

(2)

followed by interaction Lagrangian,

Le↵ � gaB a Bµ⌫
eBµ⌫ + gagh a G

a
h,µ⌫

eGaµ⌫
h

, (3)

where WB (Wh) is the field strength superfield for hy-
percharge gauge boson B (the hidden gluon gh), gaB and
gagh are coupling constants, and eBµ⌫ and eGµ⌫

h are du-
als of gauge field strengths. The former coupling o↵ers
production of ALPinos in the early Universe. It also
contributes the dominant production of hidden gluons if
the inflaton predominantly decays into the minimal su-
persymmetric standard model (MSSM) particles. More-
over, it provides the ALP-photon coupling after the elec-
troweak symmetry breaking as

Le↵ � ga� a Fµ⌫
eFµ⌫

, (4)

where ga� = gaB cos2 ✓W (✓W : weak mixing angle). It
may convert the ALP emitted from the ALPino decay
into the gravitino in the presence of the Galactic mag-
netic field.

The confinement of the hidden sector at the scale ⇤h

gives the ALP mass of ma ⇠ ⇤2

h
/f through the latter

coupling. The mass of ALPino is determined by SUSY
breaking and thus is expected to be of the same or-
der the gravitino mass in supergravity. In this Letter,
we consider a case where the ALPino mass is exactly

for ALPino production,  
ALP-photon conversion

for ALP mass generation

U(1)Y SU(N)h

2

!!"#= !"# $%&
'"() $%&
#"# $%&
* $%&
(+ $%&)

!" #" $" !"" #""

!"

#"

%"
&"
$"

!! ['(/)]

Γ-
!
[!
"#
]

FIG. 1: DDM parameter space. The red line indicates the
region suggested to be a solution to the small-scale prob-
lems [21]. The black dashed line is taken from Ref. [19], where
DDM is directly examined by the Lyman-↵ forest data. The
other lines are constraints translated from the reported lower
bounds on the thermal WDM mass: mwdm > 2.0 (green) [30],
3.3 (blue) [8], 4.09 (cyan) [9], and 5.3 keV (brown) [10].
One can see that once the constraint becomes as tight as
mwdm & 7.0 keV, the DDM solution will be severely con-
strained by the Lyman-↵ forest data.

making it possible to discriminate the DDM so-
lution from the complex baryon feedback on the
small-scale problems [31–33].

In regard of the distinctive signal, we focus on a light
invisible particle produced by DDM decay. The emitted
light particle is severely constrained if it interacts elec-
tromagnetically and actually even if it is neutrino [15]
and thus one may introduce a new invisible particle. An
axion-like particle (ALP) is a good candidate for such
light invisible particle since its coupling is much more
suppressed by large scale (e.g., & 109 GeV for QCD ax-
ion). If the emitted ALP is converted to photon under
the Galactic magnetic field, on the other hand, the signal
can provide a unique feature of the DDM model consid-
ered. The photon has the energy corresponding to mass
di↵erence between DDM and SDM. The morphology of
the signal depends on that of magnetic field in our galaxy
and thus is distinguishable from the usual dark matter
direct decay into photons.

While ALP is an invisible particle from DDM decay,
it is straightforward to consider axino-like particle
(ALPino) and gravitino as DDM and SDM. In this
Letter, we consider a supersymmetric (SUSY) extension
of the standard model plus ALP. A fermion partner of
ALP (a), i.e., ALPino (ã), is the next-to-the-lightest
supersymmetric particle (NLSP) and a fermion partner
of graviton, i.e., gravitino ( µ), is the LSP. We consider
that they have the same mass at the tree level, while
the ALPino mass is slightly shifted up by the quantum
correction. Intriguingly, the lifetime of ALPino is
about the age of the Universe when the gravitino mass
is at the sub-PeV scale and �m/m ⇠ 10�4. Such a

high-scale SUSY is compatible with the 125GeV SM
Higgs mass [34, 35], although it does not solve a little
hierarchy or improve the grand unification since we take
gaugino masses as high as PeV. Nevertheless, we believe
that it is encouraging that DDM is realized in SUSY
models, where the parameters are well-controlled by the
symmetry. ALPino is thermally produced [36, 37] during
the reheating of the Universe and when the inflaton os-
cillation or some abundant long-lived particles dominate
the energy density of the Universe. A similar high-energy
SUSY scenario has been suggested recently [38–40], while
DM phenomenology is rich in our case. Meanwhile,
the gravitino yield from the thermal production [41–43]
and ALP relic abundance through the misalignment
mechanism [44] are subdominant. ALPs emitted by the
ALPino decay is seemingly harmless, while the Galactic
magnetic field may convert them to O(10) GeV gamma
rays, which could be detected in existing and near future
facilities such as Fermi-LAT [45, 46] and CTA [47].

ALPino Model – We work in a simple SUSY ALP
model where ALP superfield (A) couples to gauge super-
fields of hypercharge U(1) (or equivalently electromag-
netic U(1)) and hidden QCD-like SU(N)h interactions.

The interactions are described by the e↵ective super-
potential,

We↵ = �
p

2gaB A WBWB �
p

2gagh A W
a
h
W

a
h

, (1)

(2)

followed by interaction Lagrangian,

Le↵ � gaB a Bµ⌫
eBµ⌫ + gagh a G

a
h,µ⌫

eGaµ⌫
h

, (3)

where WB (Wh) is the field strength superfield for hy-
percharge gauge boson B (the hidden gluon gh), gaB and
gagh are coupling constants, and eBµ⌫ and eGµ⌫

h are du-
als of gauge field strengths. The former coupling o↵ers
production of ALPinos in the early Universe. It also
contributes the dominant production of hidden gluons if
the inflaton predominantly decays into the minimal su-
persymmetric standard model (MSSM) particles. More-
over, it provides the ALP-photon coupling after the elec-
troweak symmetry breaking as

Le↵ � ga� a Fµ⌫
eFµ⌫

, (4)

where ga� = gaB cos2 ✓W (✓W : weak mixing angle). It
may convert the ALP emitted from the ALPino decay
into the gravitino in the presence of the Galactic mag-
netic field.

The confinement of the hidden sector at the scale ⇤h

gives the ALP mass of ma ⇠ ⇤2

h
/f through the latter

coupling. The mass of ALPino is determined by SUSY
breaking and thus is expected to be of the same or-
der the gravitino mass in supergravity. In this Letter,
we consider a case where the ALPino mass is exactly
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FIG. 1: DDM parameter space. The red line indicates the
region suggested to be a solution to the small-scale prob-
lems [21]. The black dashed line is taken from Ref. [19], where
DDM is directly examined by the Lyman-↵ forest data. The
other lines are constraints translated from the reported lower
bounds on the thermal WDM mass: mwdm > 2.0 (green) [30],
3.3 (blue) [8], 4.09 (cyan) [9], and 5.3 keV (brown) [10].
One can see that once the constraint becomes as tight as
mwdm & 7.0 keV, the DDM solution will be severely con-
strained by the Lyman-↵ forest data.

making it possible to discriminate the DDM so-
lution from the complex baryon feedback on the
small-scale problems [31–33].

In regard of the distinctive signal, we focus on a light
invisible particle produced by DDM decay. The emitted
light particle is severely constrained if it interacts elec-
tromagnetically and actually even if it is neutrino [15]
and thus one may introduce a new invisible particle. An
axion-like particle (ALP) is a good candidate for such
light invisible particle since its coupling is much more
suppressed by large scale (e.g., & 109 GeV for QCD ax-
ion). If the emitted ALP is converted to photon under
the Galactic magnetic field, on the other hand, the signal
can provide a unique feature of the DDM model consid-
ered. The photon has the energy corresponding to mass
di↵erence between DDM and SDM. The morphology of
the signal depends on that of magnetic field in our galaxy
and thus is distinguishable from the usual dark matter
direct decay into photons.

While ALP is an invisible particle from DDM decay,
it is straightforward to consider axino-like particle
(ALPino) and gravitino as DDM and SDM. In this
Letter, we consider a supersymmetric (SUSY) extension
of the standard model plus ALP. A fermion partner of
ALP (a), i.e., ALPino (ã), is the next-to-the-lightest
supersymmetric particle (NLSP) and a fermion partner
of graviton, i.e., gravitino ( µ), is the LSP. We consider
that they have the same mass at the tree level, while
the ALPino mass is slightly shifted up by the quantum
correction. Intriguingly, the lifetime of ALPino is
about the age of the Universe when the gravitino mass
is at the sub-PeV scale and �m/m ⇠ 10�4. Such a

high-scale SUSY is compatible with the 125GeV SM
Higgs mass [34, 35], although it does not solve a little
hierarchy or improve the grand unification since we take
gaugino masses as high as PeV. Nevertheless, we believe
that it is encouraging that DDM is realized in SUSY
models, where the parameters are well-controlled by the
symmetry. ALPino is thermally produced [36, 37] during
the reheating of the Universe and when the inflaton os-
cillation or some abundant long-lived particles dominate
the energy density of the Universe. A similar high-energy
SUSY scenario has been suggested recently [38–40], while
DM phenomenology is rich in our case. Meanwhile,
the gravitino yield from the thermal production [41–43]
and ALP relic abundance through the misalignment
mechanism [44] are subdominant. ALPs emitted by the
ALPino decay is seemingly harmless, while the Galactic
magnetic field may convert them to O(10) GeV gamma
rays, which could be detected in existing and near future
facilities such as Fermi-LAT [45, 46] and CTA [47].

ALPino Model – We work in a simple SUSY ALP
model where ALP superfield (A) couples to gauge super-
fields of hypercharge U(1) (or equivalently electromag-
netic U(1)) and hidden QCD-like SU(N)h interactions.

The interactions are described by the e↵ective super-
potential,

We↵ = �
p

2gaB A WBWB �
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2gagh A W
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h
W

a
h

, (1)

(2)

followed by interaction Lagrangian,

Le↵ � gaB a Bµ⌫
eBµ⌫ + gagh a G

a
h,µ⌫

eGaµ⌫
h

, (3)

where WB (Wh) is the field strength superfield for hy-
percharge gauge boson B (the hidden gluon gh), gaB and
gagh are coupling constants, and eBµ⌫ and eGµ⌫

h are du-
als of gauge field strengths. The former coupling o↵ers
production of ALPinos in the early Universe. It also
contributes the dominant production of hidden gluons if
the inflaton predominantly decays into the minimal su-
persymmetric standard model (MSSM) particles. More-
over, it provides the ALP-photon coupling after the elec-
troweak symmetry breaking as

Le↵ � ga� a Fµ⌫
eFµ⌫

, (4)

where ga� = gaB cos2 ✓W (✓W : weak mixing angle). It
may convert the ALP emitted from the ALPino decay
into the gravitino in the presence of the Galactic mag-
netic field.

The confinement of the hidden sector at the scale ⇤h

gives the ALP mass of ma ⇠ ⇤2

h
/f through the latter

coupling. The mass of ALPino is determined by SUSY
breaking and thus is expected to be of the same or-
der the gravitino mass in supergravity. In this Letter,
we consider a case where the ALPino mass is exactlyX
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MASS SCALE
• ALPino-Gravitino interaction,
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the same as the gravitino mass at the tree-level, but
(mã �m3/2)/mã ⇠ 10�4 (mã: ALPino mass, m3/2: grav-
itino mass) is achieved by one-loop correction [ref will be
added].

The decay of the ALPino into the gravitino and the
ALP is described by [48]

L3/2 = �
1

2Mpl

@⌫a  ̄µ �
⌫
�

µ
i�5 ã , (5)

with Mpl = 2.43 ⇥ 1018 GeV being the reduced Planck
mass. It leads to

��1

ã =
96⇡m

2

3/2
M

2

pl

m
5

ã

✓
1 �

m3/2

mã

◆�2
 

1 �

m
2

3/2

m
2

ã

!�3

,

' 10 Gyr

✓
700 TeV

m

◆3✓20 km/s

Vk

◆5

. (6)

ALPino relic abundance – The relic abundance of
ALPino is determined by cosmological history. For sim-
plicity, we assume that the inflaton decays into the SM
sector and its SUSY partners so that the ALPino is pro-
duced via interaction with photon and its superpartner
shown in Eq. (4). If the reheat temperature, TR after
the inflation is larger than SUSY particle scale, msusy,
the ALPino abundance follows the standard calculation
given in Ref. [Bolz; Strumia]. In such a case, however,
ALPino is too overabundant since we need the ALPino
mass of PeV order as shown in Eq. (6).

In order to avoid overabundance, required is TR <

msusy where the ALPino abundance is determined dur-
ing the reheating process.1 The dominant process of
ALPino production is the decay of the lightest ordi-
nary supersymmetric particle (LOSP) after its freeze-
out (i.e., temperature below its freeze-out temperature,
T < Tfo ⇠ msusy/20). The ALPino yield is given by

Yã ' Y
fo

losp
⇥

4 + p

1 + p


g⇤(TR)

g⇤(Tfo)

�1/2✓
TR

Tfo

◆3

, (7)

where Y
fo

losp
is the LOSP yield from freeze-out production

after inflation and is given by

Y
fo

losp
'

(1 + p) H(Tfo)

h�vi(Tfo) s(Tfo)
. (8)

Thermally averaged annihilation cross section h�vreli /

v
2p
rel

depends on a detailed SUSY mass spectrum. Here
we take Y

fo

losp
= 4 ⇥ 10�13 (mlosp/1 TeV) and p = 0 for

simplicity, having wino (fermionic SUSY partner of W

1 Note that we assume the maximum temperature is higher than
msusy.

boson) or Higgsino (fermionic SUSY partner of Higgs
boson) LOSP in mind [49]. For TR < Tfo, the yield is

suppressed by the factor of [g⇤(TR)/g⇤(Tfo)]
1/2 (TR/Tfo)3

compared to the case for TR > Tfo, so we can obtain
the correct relic abundance. Other contributions such as
scattering or decay processes of particles in thermal bath
are much more suppressed for TR < msusy. By equating
the ALPino relic abundance with the observed DM mass
density, one finds

TR ' 570 GeV
⇣
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. (9)

ALP emission and GeV gamma ray – The ALPino de-
cay produces the monochromatic ALP background with

Ea = mc
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Since the ALPino lifetime is around the age of the Uni-
verse, its dacay can occur in the current universe. The
emitted ALP inside our galaxy is converted to the GeV
gamma ray under the Galactic magnetic field. The
brightness is given by
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at the position of the Sun. Here �a
� denotes the flux

of photon induced by ALP conversion, E�(= Ea) is the
energy of the converted photon, T0 ' 13.8 Gyr is the age
of the Universe, and �E is the energy bin size of the
observation of interest. The JD,ROI factor is given by

JD,ROI =
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ds Pa�(s, ⌦)
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with the sky region of interest (ROI) and the line of sight.
Here, Pa�(s, ⌦) is the local ALP-photon conversion prob-
ability, and ⇢(s, ⌦) is the local dark matter density. One
can compare it with the observed di↵use gamma ray flux
in Fermi-LAT [45]:

E
2

�

d
2�obs

�

dE�d⌦
' 5 ⇥ 10�3 MeV/cm2

/s/sr , (13)

with the ROI being l = 0–360� and |b| = 8–90�

in the Galactic coordinate and the energy bin being
E = 30–50 GeV. In this ROI, we have �E = 20 GeV,
�⌦ROI = 10.8 sr, and if Pa� is constant, JD,ROI '

22 ⇥ Pa� almost independently from the DM profile. It
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the same as the gravitino mass at the tree-level, but
(mã �m3/2)/mã ⇠ 10�4 (mã: ALPino mass, m3/2: grav-
itino mass) is achieved by one-loop correction [ref will be
added].

The decay of the ALPino into the gravitino and the
ALP is described by [48]
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ALPino relic abundance – The relic abundance of
ALPino is determined by cosmological history. For sim-
plicity, we assume that the inflaton decays into the SM
sector and its SUSY partners so that the ALPino is pro-
duced via interaction with photon and its superpartner
shown in Eq. (4). If the reheat temperature, TR after
the inflation is larger than SUSY particle scale, msusy,
the ALPino abundance follows the standard calculation
given in Ref. [Bolz; Strumia]. In such a case, however,
ALPino is too overabundant since we need the ALPino
mass of PeV order as shown in Eq. (6).

In order to avoid overabundance, required is TR <

msusy where the ALPino abundance is determined dur-
ing the reheating process.1 The dominant process of
ALPino production is the decay of the lightest ordi-
nary supersymmetric particle (LOSP) after its freeze-
out (i.e., temperature below its freeze-out temperature,
T < Tfo ⇠ msusy/20). The ALPino yield is given by
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where Y
fo

losp
is the LOSP yield from freeze-out production

after inflation and is given by

Y
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Thermally averaged annihilation cross section h�vreli /

v
2p
rel

depends on a detailed SUSY mass spectrum. Here
we take Y

fo

losp
= 4 ⇥ 10�13 (mlosp/1 TeV) and p = 0 for

simplicity, having wino (fermionic SUSY partner of W

1 Note that we assume the maximum temperature is higher than
msusy.

boson) or Higgsino (fermionic SUSY partner of Higgs
boson) LOSP in mind [49]. For TR < Tfo, the yield is

suppressed by the factor of [g⇤(TR)/g⇤(Tfo)]
1/2 (TR/Tfo)3

compared to the case for TR > Tfo, so we can obtain
the correct relic abundance. Other contributions such as
scattering or decay processes of particles in thermal bath
are much more suppressed for TR < msusy. By equating
the ALPino relic abundance with the observed DM mass
density, one finds

TR ' 570 GeV
⇣

msusy

106 GeV
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. (9)

ALP emission and GeV gamma ray – The ALPino de-
cay produces the monochromatic ALP background with

Ea = mc
2
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Since the ALPino lifetime is around the age of the Uni-
verse, its dacay can occur in the current universe. The
emitted ALP inside our galaxy is converted to the GeV
gamma ray under the Galactic magnetic field. The
brightness is given by
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at the position of the Sun. Here �a
� denotes the flux

of photon induced by ALP conversion, E�(= Ea) is the
energy of the converted photon, T0 ' 13.8 Gyr is the age
of the Universe, and �E is the energy bin size of the
observation of interest. The JD,ROI factor is given by

JD,ROI =

Z

ROI

d⌦

Z

los

ds Pa�(s, ⌦)
⇢(s, ⌦)

r�⇢�
, (12)

with the sky region of interest (ROI) and the line of sight.
Here, Pa�(s, ⌦) is the local ALP-photon conversion prob-
ability, and ⇢(s, ⌦) is the local dark matter density. One
can compare it with the observed di↵use gamma ray flux
in Fermi-LAT [45]:
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with the ROI being l = 0–360� and |b| = 8–90�

in the Galactic coordinate and the energy bin being
E = 30–50 GeV. In this ROI, we have �E = 20 GeV,
�⌦ROI = 10.8 sr, and if Pa� is constant, JD,ROI '

22 ⇥ Pa� almost independently from the DM profile. It

• For a successful DDM scenario, Γ-1~10 Gyr, Vk~20-40 km/s, 
sub-PeV scale is required.
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FIG. 1: DDM parameter space. The red line indicates the
region suggested to be a solution to the small-scale prob-
lems [21]. The black dashed line is taken from Ref. [19], where
DDM is directly examined by the Lyman-↵ forest data. The
other lines are constraints translated from the reported lower
bounds on the thermal WDM mass: mwdm > 2.0 (green) [30],
3.3 (blue) [8], 4.09 (cyan) [9], and 5.3 keV (brown) [10].
One can see that once the constraint becomes as tight as
mwdm & 7.0 keV, the DDM solution will be severely con-
strained by the Lyman-↵ forest data.

making it possible to discriminate the DDM so-
lution from the complex baryon feedback on the
small-scale problems [31–33].

In regard of the distinctive signal, we focus on a light
invisible particle produced by DDM decay. The emitted
light particle is severely constrained if it interacts elec-
tromagnetically and actually even if it is neutrino [15]
and thus one may introduce a new invisible particle. An
axion-like particle (ALP) is a good candidate for such
light invisible particle since its coupling is much more
suppressed by large scale (e.g., & 109 GeV for QCD ax-
ion). If the emitted ALP is converted to photon under
the Galactic magnetic field, on the other hand, the signal
can provide a unique feature of the DDM model consid-
ered. The photon has the energy corresponding to mass
di↵erence between DDM and SDM. The morphology of
the signal depends on that of magnetic field in our galaxy
and thus is distinguishable from the usual dark matter
direct decay into photons.

While ALP is an invisible particle from DDM decay,
it is straightforward to consider axino-like particle
(ALPino) and gravitino as DDM and SDM. In this
Letter, we consider a supersymmetric (SUSY) extension
of the standard model plus ALP. A fermion partner of
ALP (a), i.e., ALPino (ã), is the next-to-the-lightest
supersymmetric particle (NLSP) and a fermion partner
of graviton, i.e., gravitino ( µ), is the LSP. We consider
that they have the same mass at the tree level, while
the ALPino mass is slightly shifted up by the quantum
correction. Intriguingly, the lifetime of ALPino is
about the age of the Universe when the gravitino mass
is at the sub-PeV scale and �m/m ⇠ 10�4. Such a

high-scale SUSY is compatible with the 125GeV SM
Higgs mass [34, 35], although it does not solve a little
hierarchy or improve the grand unification since we take
gaugino masses as high as PeV. Nevertheless, we believe
that it is encouraging that DDM is realized in SUSY
models, where the parameters are well-controlled by the
symmetry. ALPino is thermally produced [36, 37] during
the reheating of the Universe and when the inflaton os-
cillation or some abundant long-lived particles dominate
the energy density of the Universe. A similar high-energy
SUSY scenario has been suggested recently [38–40], while
DM phenomenology is rich in our case. Meanwhile,
the gravitino yield from the thermal production [41–43]
and ALP relic abundance through the misalignment
mechanism [44] are subdominant. ALPs emitted by the
ALPino decay is seemingly harmless, while the Galactic
magnetic field may convert them to O(10) GeV gamma
rays, which could be detected in existing and near future
facilities such as Fermi-LAT [45, 46] and CTA [47].

ALPino Model – We work in a simple SUSY ALP
model where ALP superfield (A) couples to gauge super-
fields of hypercharge U(1) (or equivalently electromag-
netic U(1)) and hidden QCD-like SU(N)h interactions.

The interactions are described by the e↵ective super-
potential,

We↵ = �
p

2gaB A WBWB �
p

2gagh A W
a
h
W

a
h

, (1)

(2)

followed by interaction Lagrangian,

Le↵ � gaB a Bµ⌫
eBµ⌫ + gagh a G

a
h,µ⌫

eGaµ⌫
h

, (3)

where WB (Wh) is the field strength superfield for hy-
percharge gauge boson B (the hidden gluon gh), gaB and
gagh are coupling constants, and eBµ⌫ and eGµ⌫

h are du-
als of gauge field strengths. The former coupling o↵ers
production of ALPinos in the early Universe. It also
contributes the dominant production of hidden gluons if
the inflaton predominantly decays into the minimal su-
persymmetric standard model (MSSM) particles. More-
over, it provides the ALP-photon coupling after the elec-
troweak symmetry breaking as

Le↵ � ga� a Fµ⌫
eFµ⌫

, (4)

where ga� = gaB cos2 ✓W (✓W : weak mixing angle). It
may convert the ALP emitted from the ALPino decay
into the gravitino in the presence of the Galactic mag-
netic field.

The confinement of the hidden sector at the scale ⇤h

gives the ALP mass of ma ⇠ ⇤2

h
/f through the latter

coupling. The mass of ALPino is determined by SUSY
breaking and thus is expected to be of the same or-
der the gravitino mass in supergravity. In this Letter,
we consider a case where the ALPino mass is exactly

3

the same as the gravitino mass at the tree-level, but
(mã �m3/2)/mã ⇠ 10�4 (mã: ALPino mass, m3/2: grav-
itino mass) is achieved by one-loop correction [ref will be
added].

The decay of the ALPino into the gravitino and the
ALP is described by [48]
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1
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µ
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with Mpl = 2.43 ⇥ 1018 GeV being the reduced Planck
mass. It leads to
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ã

!�3

,

' 10 Gyr

✓
700 TeV

m

◆3✓20 km/s

Vk

◆5

. (6)

ALPino relic abundance – The relic abundance of
ALPino is determined by cosmological history. For sim-
plicity, we assume that the inflaton decays into the SM
sector and its SUSY partners so that the ALPino is pro-
duced via interaction with photon and its superpartner
shown in Eq. (4). If the reheat temperature, TR after
the inflation is larger than SUSY particle scale, msusy,
the ALPino abundance follows the standard calculation
given in Ref. [Bolz; Strumia]. In such a case, however,
ALPino is too overabundant since we need the ALPino
mass of PeV order as shown in Eq. (6).

In order to avoid overabundance, required is TR <

msusy where the ALPino abundance is determined dur-
ing the reheating process.1 The dominant process of
ALPino production is the decay of the lightest ordi-
nary supersymmetric particle (LOSP) after its freeze-
out (i.e., temperature below its freeze-out temperature,
T < Tfo ⇠ msusy/20). The ALPino yield is given by

Yã ' Y
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g⇤(TR)

g⇤(Tfo)
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where Y
fo

losp
is the LOSP yield from freeze-out production

after inflation and is given by

Y
fo

losp
'

(1 + p) H(Tfo)

h�vi(Tfo) s(Tfo)
. (8)

Thermally averaged annihilation cross section h�vreli /

v
2p
rel

depends on a detailed SUSY mass spectrum. Here
we take Y

fo

losp
= 4 ⇥ 10�13 (mlosp/1 TeV) and p = 0 for

simplicity, having wino (fermionic SUSY partner of W

1 Note that we assume the maximum temperature is higher than
msusy.

boson) or Higgsino (fermionic SUSY partner of Higgs
boson) LOSP in mind [49]. For TR < Tfo, the yield is

suppressed by the factor of [g⇤(TR)/g⇤(Tfo)]
1/2 (TR/Tfo)3

compared to the case for TR > Tfo, so we can obtain
the correct relic abundance. Other contributions such as
scattering or decay processes of particles in thermal bath
are much more suppressed for TR < msusy. By equating
the ALPino relic abundance with the observed DM mass
density, one finds

TR ' 570 GeV
⇣

msusy

106 GeV

⌘2/3

. (9)

ALP emission and GeV gamma ray – The ALPino de-
cay produces the monochromatic ALP background with

Ea = mc
2
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Since the ALPino lifetime is around the age of the Uni-
verse, its dacay can occur in the current universe. The
emitted ALP inside our galaxy is converted to the GeV
gamma ray under the Galactic magnetic field. The
brightness is given by
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��ãT0 MeV/cm2

/s/sr

⇥

✓
E�

47 GeV

◆2✓700 TeV

mã
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at the position of the Sun. Here �a
� denotes the flux

of photon induced by ALP conversion, E�(= Ea) is the
energy of the converted photon, T0 ' 13.8 Gyr is the age
of the Universe, and �E is the energy bin size of the
observation of interest. The JD,ROI factor is given by

JD,ROI =

Z

ROI

d⌦

Z

los

ds Pa�(s, ⌦)
⇢(s, ⌦)

r�⇢�
, (12)

with the sky region of interest (ROI) and the line of sight.
Here, Pa�(s, ⌦) is the local ALP-photon conversion prob-
ability, and ⇢(s, ⌦) is the local dark matter density. One
can compare it with the observed di↵use gamma ray flux
in Fermi-LAT [45]:
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with the ROI being l = 0–360� and |b| = 8–90�

in the Galactic coordinate and the energy bin being
E = 30–50 GeV. In this ROI, we have �E = 20 GeV,
�⌦ROI = 10.8 sr, and if Pa� is constant, JD,ROI '

22 ⇥ Pa� almost independently from the DM profile. It

3

the same as the gravitino mass at the tree-level, but
(mã �m3/2)/mã ⇠ 10�4 (mã: ALPino mass, m3/2: grav-
itino mass) is achieved by one-loop correction [ref will be
added].

The decay of the ALPino into the gravitino and the
ALP is described by [48]

L3/2 = �
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with Mpl = 2.43 ⇥ 1018 GeV being the reduced Planck
mass. It leads to

��1
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ALPino relic abundance – The relic abundance of
ALPino is determined by cosmological history. For sim-
plicity, we assume that the inflaton decays into the SM
sector and its SUSY partners so that the ALPino is pro-
duced via interaction with photon and its superpartner
shown in Eq. (4). If the reheat temperature, TR after
the inflation is larger than SUSY particle scale, msusy,
the ALPino abundance follows the standard calculation
given in Ref. [Bolz; Strumia]. In such a case, however,
ALPino is too overabundant since we need the ALPino
mass of PeV order as shown in Eq. (6).

In order to avoid overabundance, required is TR <

msusy where the ALPino abundance is determined dur-
ing the reheating process.1 The dominant process of
ALPino production is the decay of the lightest ordi-
nary supersymmetric particle (LOSP) after its freeze-
out (i.e., temperature below its freeze-out temperature,
T < Tfo ⇠ msusy/20). The ALPino yield is given by

Yã ' Y
fo
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where Y
fo

losp
is the LOSP yield from freeze-out production

after inflation and is given by

Y
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(1 + p) H(Tfo)
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. (8)

Thermally averaged annihilation cross section h�vreli /

v
2p
rel

depends on a detailed SUSY mass spectrum. Here
we take Y

fo

losp
= 4 ⇥ 10�13 (mlosp/1 TeV) and p = 0 for

simplicity, having wino (fermionic SUSY partner of W

1 Note that we assume the maximum temperature is higher than
msusy.

boson) or Higgsino (fermionic SUSY partner of Higgs
boson) LOSP in mind [49]. For TR < Tfo, the yield is

suppressed by the factor of [g⇤(TR)/g⇤(Tfo)]
1/2 (TR/Tfo)3

compared to the case for TR > Tfo, so we can obtain
the correct relic abundance. Other contributions such as
scattering or decay processes of particles in thermal bath
are much more suppressed for TR < msusy. By equating
the ALPino relic abundance with the observed DM mass
density, one finds

TR ' 570 GeV
⇣
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106 GeV
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. (9)

ALP emission and GeV gamma ray – The ALPino de-
cay produces the monochromatic ALP background with
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Since the ALPino lifetime is around the age of the Uni-
verse, its dacay can occur in the current universe. The
emitted ALP inside our galaxy is converted to the GeV
gamma ray under the Galactic magnetic field. The
brightness is given by
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at the position of the Sun. Here �a
� denotes the flux

of photon induced by ALP conversion, E�(= Ea) is the
energy of the converted photon, T0 ' 13.8 Gyr is the age
of the Universe, and �E is the energy bin size of the
observation of interest. The JD,ROI factor is given by

JD,ROI =

Z

ROI

d⌦

Z

los

ds Pa�(s, ⌦)
⇢(s, ⌦)

r�⇢�
, (12)

with the sky region of interest (ROI) and the line of sight.
Here, Pa�(s, ⌦) is the local ALP-photon conversion prob-
ability, and ⇢(s, ⌦) is the local dark matter density. One
can compare it with the observed di↵use gamma ray flux
in Fermi-LAT [45]:
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with the ROI being l = 0–360� and |b| = 8–90�

in the Galactic coordinate and the energy bin being
E = 30–50 GeV. In this ROI, we have �E = 20 GeV,
�⌦ROI = 10.8 sr, and if Pa� is constant, JD,ROI '

22 ⇥ Pa� almost independently from the DM profile. It

• Low reheat temperature is required, TR~500 GeV, 
i.e., ALPino production during reheating
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FIG. 1: DDM parameter space. The red line indicates the
region suggested to be a solution to the small-scale prob-
lems [21]. The black dashed line is taken from Ref. [19], where
DDM is directly examined by the Lyman-↵ forest data. The
other lines are constraints translated from the reported lower
bounds on the thermal WDM mass: mwdm > 2.0 (green) [30],
3.3 (blue) [8], 4.09 (cyan) [9], and 5.3 keV (brown) [10].
One can see that once the constraint becomes as tight as
mwdm & 7.0 keV, the DDM solution will be severely con-
strained by the Lyman-↵ forest data.

making it possible to discriminate the DDM so-
lution from the complex baryon feedback on the
small-scale problems [31–33].

In regard of the distinctive signal, we focus on a light
invisible particle produced by DDM decay. The emitted
light particle is severely constrained if it interacts elec-
tromagnetically and actually even if it is neutrino [15]
and thus one may introduce a new invisible particle. An
axion-like particle (ALP) is a good candidate for such
light invisible particle since its coupling is much more
suppressed by large scale (e.g., & 109 GeV for QCD ax-
ion). If the emitted ALP is converted to photon under
the Galactic magnetic field, on the other hand, the signal
can provide a unique feature of the DDM model consid-
ered. The photon has the energy corresponding to mass
di↵erence between DDM and SDM. The morphology of
the signal depends on that of magnetic field in our galaxy
and thus is distinguishable from the usual dark matter
direct decay into photons.

While ALP is an invisible particle from DDM decay,
it is straightforward to consider axino-like particle
(ALPino) and gravitino as DDM and SDM. In this
Letter, we consider a supersymmetric (SUSY) extension
of the standard model plus ALP. A fermion partner of
ALP (a), i.e., ALPino (ã), is the next-to-the-lightest
supersymmetric particle (NLSP) and a fermion partner
of graviton, i.e., gravitino ( µ), is the LSP. We consider
that they have the same mass at the tree level, while
the ALPino mass is slightly shifted up by the quantum
correction. Intriguingly, the lifetime of ALPino is
about the age of the Universe when the gravitino mass
is at the sub-PeV scale and �m/m ⇠ 10�4. Such a

high-scale SUSY is compatible with the 125GeV SM
Higgs mass [34, 35], although it does not solve a little
hierarchy or improve the grand unification since we take
gaugino masses as high as PeV. Nevertheless, we believe
that it is encouraging that DDM is realized in SUSY
models, where the parameters are well-controlled by the
symmetry. ALPino is thermally produced [36, 37] during
the reheating of the Universe and when the inflaton os-
cillation or some abundant long-lived particles dominate
the energy density of the Universe. A similar high-energy
SUSY scenario has been suggested recently [38–40], while
DM phenomenology is rich in our case. Meanwhile,
the gravitino yield from the thermal production [41–43]
and ALP relic abundance through the misalignment
mechanism [44] are subdominant. ALPs emitted by the
ALPino decay is seemingly harmless, while the Galactic
magnetic field may convert them to O(10) GeV gamma
rays, which could be detected in existing and near future
facilities such as Fermi-LAT [45, 46] and CTA [47].

ALPino Model – We work in a simple SUSY ALP
model where ALP superfield (A) couples to gauge super-
fields of hypercharge U(1) (or equivalently electromag-
netic U(1)) and hidden QCD-like SU(N)h interactions.

The interactions are described by the e↵ective super-
potential,

We↵ = �
p

2gaB A WBWB �
p

2gagh A W
a
h
W

a
h

, (1)

(2)

followed by interaction Lagrangian,

Le↵ � gaB a Bµ⌫
eBµ⌫ + gagh a G

a
h,µ⌫

eGaµ⌫
h

, (3)

where WB (Wh) is the field strength superfield for hy-
percharge gauge boson B (the hidden gluon gh), gaB and
gagh are coupling constants, and eBµ⌫ and eGµ⌫

h are du-
als of gauge field strengths. The former coupling o↵ers
production of ALPinos in the early Universe. It also
contributes the dominant production of hidden gluons if
the inflaton predominantly decays into the minimal su-
persymmetric standard model (MSSM) particles. More-
over, it provides the ALP-photon coupling after the elec-
troweak symmetry breaking as

Le↵ � ga� a Fµ⌫
eFµ⌫

, (4)

where ga� = gaB cos2 ✓W (✓W : weak mixing angle). It
may convert the ALP emitted from the ALPino decay
into the gravitino in the presence of the Galactic mag-
netic field.

The confinement of the hidden sector at the scale ⇤h

gives the ALP mass of ma ⇠ ⇤2

h
/f through the latter

coupling. The mass of ALPino is determined by SUSY
breaking and thus is expected to be of the same or-
der the gravitino mass in supergravity. In this Letter,
we consider a case where the ALPino mass is exactly

• Under magnetic field, ALP is converted to photon.
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the same as the gravitino mass at the tree-level, but
(mã �m3/2)/mã ⇠ 10�4 (mã: ALPino mass, m3/2: grav-
itino mass) is achieved by one-loop correction [ref will be
added].

The decay of the ALPino into the gravitino and the
ALP is described by [? ]

L3/2 = �
1

2Mpl

@⌫a  ̄µ �
⌫
�

µ
i�5 ã , (5)

with Mpl = 2.43 ⇥ 1018 GeV being the reduced Planck
mass. It leads to

��1
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2
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!�3

,
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✓
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m

◆3✓20 km/s

Vk
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. (6)

ALPino relic abundance – The relic abundance of
ALPino is determined by cosmological history. For sim-
plicity, we assume that the inflaton decays into the SM
sector and its SUSY partners so that the ALPino is pro-
duced via interaction with photon and its superpartner
shown in Eq. (4). If the reheat temperature, TR after
the inflation is larger than SUSY particle scale, msusy,
the ALPino abundance follows the standard calculation
given in Ref. [Bolz; Strumia]. In such a case, however,
ALPino is too overabundant since we need the ALPino
mass of PeV order as shown in Eq. (6).

In order to avoid overabundance, required is TR <

msusy where the ALPino abundance is determined dur-
ing the reheating process.1 The dominant process of
ALPino production is the decay of the lightest ordi-
nary supersymmetric particle (LOSP) after its freeze-
out (i.e., temperature below its freeze-out temperature,
T < Tfo ⇠ msusy/20). The ALPino yield is given by

Yã ' Y
fo

losp
⇥

4 + p

1 + p


g⇤(TR)

g⇤(Tfo)

�1/2✓
TR

Tfo

◆3

, (7)

where Y
fo

losp
is the LOSP yield from freeze-out production

after inflation and is given by

Y
fo

losp
'

(1 + p) H(Tfo)

h�vi(Tfo) s(Tfo)
. (8)

Thermally averaged annihilation cross section h�vreli /

v
2p
rel

depends on a detailed SUSY mass spectrum. Here
we take Y

fo

losp
= 4 ⇥ 10�13 (mlosp/1 TeV) and p = 0 for

simplicity, having wino (fermionic SUSY partner of W

1 Note that we assume the maximum temperature is higher than
msusy.

boson) or Higgsino (fermionic SUSY partner of Higgs
boson) LOSP in mind [? ]. For TR < Tfo, the yield is

suppressed by the factor of [g⇤(TR)/g⇤(Tfo)]
1/2 (TR/Tfo)3

compared to the case for TR > Tfo, so we can obtain
the correct relic abundance. Other contributions such as
scattering or decay processes of particles in thermal bath
are much more suppressed for TR < msusy. By equating
the ALPino relic abundance with the observed DM mass
density, one finds

TR ' 570 GeV
⇣

msusy

106 GeV

⌘2/3

. (9)

ALP emission and GeV gamma ray – The ALPino de-
cay produces the monochromatic ALP background with

Ea = mc
2
Vk

c
= 47GeV

⇣
m

700 TeV

⌘✓
Vk

20 km/s

◆
. (10)

Since the ALPino lifetime is around the age of the Uni-
verse, its dacay can occur in the current universe. The
emitted ALP inside our galaxy is converted to the GeV
gamma ray under the Galactic magnetic field. The
brightness is given by

E
2
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dE�d⌦
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�ã
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1 sr

�⌦ROI

◆
,

(11)

at the position of the Sun. Here �a
� denotes the flux

of photon induced by ALP conversion, E�(= Ea) is the
energy of the converted photon, T0 ' 13.8 Gyr is the age
of the Universe, and �E is the energy bin size of the
observation of interest. The JD,ROI factor is given by

JD,ROI =

Z

ROI

d⌦

Z

los

ds Pa�(s, ⌦)
⇢(s, ⌦)

r�⇢�
, (12)

with the sky region of interest (ROI) and the line of sight.
Here, Pa�(s, ⌦) is the local ALP-photon conversion prob-
ability, and ⇢(s, ⌦) is the local dark matter density. One
can compare it with the observed di↵use gamma ray flux
in Fermi-LAT [? ]:

E
2

�

d
2�obs

�

dE�d⌦
' 5 ⇥ 10�3 MeV/cm2

/s/sr , (13)

with the ROI being l = 0–360� and |b| = 8–90�

in the Galactic coordinate and the energy bin being
E = 30–50 GeV. In this ROI, we have �E = 20 GeV,
�⌦ROI = 10.8 sr, and if Pa� is constant, JD,ROI '

JD,ROI ' 22⇥ Pa�

3

ALPino relic abundance – We can obtain the correct
ALPino relic abundance, for instance, in the following
low-reheating scenario. We assume that inflaton pertur-
batively decays into the SM sector and its SUSY partners
for simplicity. The thermal freeze-out of the LOSP takes
place during the inflaton domination before the reheat-
ing, TR < Tfo ⇠ mlosp/20, if the maximum temperature
is higher than mlosp. The LOSP decays predominantly
into ALPino. Other contributions such as production
through scattering and decay processes of thermal parti-
cles are negligible [48]. The ALPino yield is given by

Yã ' Y
fo

losp
⇥

4 + p

1 + p


g⇤(TR)

g⇤(Tfo)

�1/2 ✓
TR

Tfo

◆3

, (5)

where Y
fo

losp
is the LOSP yield for TR > Tfo, g⇤(T ) is

the e↵ective number of massless degrees of freedom, and
the additional factor represents the dilution of the relic
abundance during the reheating. The LOSP yield is given
by

Y
fo

losp
'

(1 + p)H(Tfo)

h�vi(Tfo) s(Tfo)
, (6)

with s(T ) being the entropy density, and H(T ) being the
Hubble expansion rate. The thermally averaged annihi-
lation cross section, h�vreli / v

2p
rel
, depends on a detailed

SUSY mass spectrum.
For instance, we take Y

fo

losp
= 4 ⇥ 10�13 (mlosp/1TeV)

and p = 0 for simplicity, having in mind a fermion SUSY
partner of the weak charged particles (e.g., wino and Hig-
gsino) as the LOSP [49]. By equating the ALPino relic
abundance with the observed DM mass density, one finds

TR ' 570GeV
⇣

mlosp

106 GeV

⌘2/3
. (7)

Due to the low-reheating temperature, we can safely
ignore the thermally produced gravitino abundance [50–
52]. We have found that the hidden sector quasi-stable
glueball abundance produced from the SM (+ its SUSY
partner) thermal bath and from the decaying sALP
(scalar partner of ALP) coherent oscillation is negligible
for ga� & 10�15 GeV�1 [48]. We have also checked that
the ALP abundance via the misalignment mechanism is
subdominant. Furthermore, in the parameter space of
interest, the LOSP lifetime is short enough not to spoil
the SM success of the big bang nucleosynthesis and not
to dominate the energy density of the Universe.

ALP emission and GeV gamma ray – The ALPino de-
cay produces an ALP with the energy of

Ea = mVk = 47GeV
⇣
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◆
, (8)

which is also determined by ��1

ã and Vk. The emitted
ALP inside our galaxy is converted to the GeV gamma

ray under the Galactic magnetic field. The flux is given
by
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��ãtage MeV/cm2
/s/sr

⇥

✓
E�

47GeV

◆2 ✓700TeV

mã
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at the position of the Sun. Here E�(= Ea) is the energy
of the converted photon and �E is the energy bin size of
the observation of interest. The JD,ROI factor is given by

JD,ROI =

Z

ROI

d⌦

Z

los

dsPa�(s,⌦)
⇢(s,⌦)

r�⇢�
, (10)

with the sky region of interest (ROI) and the line of sight
(los). Here, Pa�(s,⌦) is the local ALP-photon conversion
probability, and ⇢(s,⌦) is the local dark matter density.
One can compare it with the observed di↵use gamma-ray
flux in Fermi-LAT [43]:
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d
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/s/sr , (11)

with the ROI being l = 0–360� and |b| = 8–90�

in the Galactic coordinate and the energy bin being
E = 30–50GeV. In this ROI, we have �E = 20GeV,
�⌦ROI = 10.8 sr, and if Pa� is constant, JD,ROI '

22 ⇥ Pa� virtually independently from the DM profile.
It is clear that even a tiny conversion of ALP into pho-
ton, e.g., Pa� ' 4⇥ 10�6, leaves an observable signal.

The ALP-photon conversion induced by the Galac-
tic magnetic field is discussed in the literature [53, 54].
The formula is derived under the assumption that the
magnetic field and electron distribution are homogeneous
along the line of sight. In reality, however, they vary with
the scale length of order 1 kpc [48]. It is interesting to ob-
tain numerically the conversion probability of the prop-
agating ALP from a given Galactic position to the Sun,
i.e., Pa�(s,⌦), while we leave it for a future work [48].
Instead here we focus on the so-called adiabatic limit,
where the scale lengths of the magnetic field and of elec-
tron distribution, and the propagation distance are much
longer than the oscillation length [54]. In this case, the
conversion probability is given by

Pa�(s,⌦) ' 2⇥ 10�7
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where BT is the component of the magnetic field trans-
verse to the line of sight.
The JD,ROI factor in Eq. (10) is then obtained by

convoluting the DM density field and the conversion
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ALPino relic abundance – We can obtain the correct
ALPino relic abundance, for instance, in the following
low-reheating scenario. We assume that inflaton pertur-
batively decays into the SM sector and its SUSY partners
for simplicity. The thermal freeze-out of the LOSP takes
place during the inflaton domination before the reheat-
ing, TR < Tfo ⇠ mlosp/20, if the maximum temperature
is higher than mlosp. The LOSP decays predominantly
into ALPino. Other contributions such as production
through scattering and decay processes of thermal parti-
cles are negligible [48]. The ALPino yield is given by
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where Y
fo

losp
is the LOSP yield for TR > Tfo, g⇤(T ) is

the e↵ective number of massless degrees of freedom, and
the additional factor represents the dilution of the relic
abundance during the reheating. The LOSP yield is given
by

Y
fo

losp
'

(1 + p)H(Tfo)

h�vi(Tfo) s(Tfo)
, (6)

with s(T ) being the entropy density, and H(T ) being the
Hubble expansion rate. The thermally averaged annihi-
lation cross section, h�vreli / v

2p
rel
, depends on a detailed

SUSY mass spectrum.
For instance, we take Y

fo

losp
= 4 ⇥ 10�13 (mlosp/1TeV)

and p = 0 for simplicity, having in mind a fermion SUSY
partner of the weak charged particles (e.g., wino and Hig-
gsino) as the LOSP [49]. By equating the ALPino relic
abundance with the observed DM mass density, one finds

TR ' 570GeV
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. (7)

Due to the low-reheating temperature, we can safely
ignore the thermally produced gravitino abundance [50–
52]. We have found that the hidden sector quasi-stable
glueball abundance produced from the SM (+ its SUSY
partner) thermal bath and from the decaying sALP
(scalar partner of ALP) coherent oscillation is negligible
for ga� & 10�15 GeV�1 [48]. We have also checked that
the ALP abundance via the misalignment mechanism is
subdominant. Furthermore, in the parameter space of
interest, the LOSP lifetime is short enough not to spoil
the SM success of the big bang nucleosynthesis and not
to dominate the energy density of the Universe.

ALP emission and GeV gamma ray – The ALPino de-
cay produces an ALP with the energy of
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which is also determined by ��1

ã and Vk. The emitted
ALP inside our galaxy is converted to the GeV gamma

ray under the Galactic magnetic field. The flux is given
by
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at the position of the Sun. Here E�(= Ea) is the energy
of the converted photon and �E is the energy bin size of
the observation of interest. The JD,ROI factor is given by

JD,ROI =

Z

ROI

d⌦

Z

los

dsPa�(s,⌦)
⇢(s,⌦)

r�⇢�
, (10)

with the sky region of interest (ROI) and the line of sight
(los). Here, Pa�(s,⌦) is the local ALP-photon conversion
probability, and ⇢(s,⌦) is the local dark matter density.
One can compare it with the observed di↵use gamma-ray
flux in Fermi-LAT [43]:
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with the ROI being l = 0–360� and |b| = 8–90�

in the Galactic coordinate and the energy bin being
E = 30–50GeV. In this ROI, we have �E = 20GeV,
�⌦ROI = 10.8 sr, and if Pa� is constant, JD,ROI '

22 ⇥ Pa� virtually independently from the DM profile.
It is clear that even a tiny conversion of ALP into pho-
ton, e.g., Pa� ' 4⇥ 10�6, leaves an observable signal.

The ALP-photon conversion induced by the Galac-
tic magnetic field is discussed in the literature [53, 54].
The formula is derived under the assumption that the
magnetic field and electron distribution are homogeneous
along the line of sight. In reality, however, they vary with
the scale length of order 1 kpc [48]. It is interesting to ob-
tain numerically the conversion probability of the prop-
agating ALP from a given Galactic position to the Sun,
i.e., Pa�(s,⌦), while we leave it for a future work [48].
Instead here we focus on the so-called adiabatic limit,
where the scale lengths of the magnetic field and of elec-
tron distribution, and the propagation distance are much
longer than the oscillation length [54]. In this case, the
conversion probability is given by
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where BT is the component of the magnetic field trans-
verse to the line of sight.
The JD,ROI factor in Eq. (10) is then obtained by

convoluting the DM density field and the conversion

Fermi-LAT (observed):

ga� ' 0.4 ⇤ 10�15 GeV�1 ⇥
⇣ ma

10�6 eV

⌘
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FIG. 2: Top: Mollweide projected sky map of gamma-
ray flux converted from ALP emitted from ALPino decay.
We take ma = 10�8 eV, ga� = 10�13 GeV�1, �Ebin =
20GeV, and E� = 47GeV. We use the Galactic magnetic
field profile introduced in Ref. [55] and the Navarro-Frenk-
White dark matter profile [56, 57]. The color legend denotes
E2

�d
2��/(dE�d⌦) in units of MeV/cm2/s/sr. Bottom: The

same as the top panel but for DM decaying into two photons.
We set the lifetime 1028 s and the DM mass 94GeV.

probability, so it depends not only on the DM profile
but also on the Galactic magnetic field profile.The top
panel of Fig. 2 depicts the morphology of the converted
gamma-ray flux. One can compare it with the morphol-
ogy of the gamma-ray flux from DM decaying into two
photons shown in the bottom panel of Fig. 2. These two
morphologies are clearly di↵erent since the former is a
convolution of the DM density profile and the conversion
probability, while the latter traces just the DM density
profile. Note that the top panel is also di↵erent from the
morphology found in Refs. [58, 59] since they consider
an extragalactic isotropic ALP background and thus
their morphology traces just the conversion probability.

Concluding Remarks – We have considered an ALPino
decaying into slightly lighter graivitno and an ALP with
the lifetime ��1

ã ' 10Gyr and the kick velocity Vk '

30 km/s. Such a model of DDM solves the small-scale
problems arising in the cold dark matter model, while
it evades constraints from probes of high-redshift matter
distribution. The sub-PeV ALPino mass is predicted by
��1

ã and Vk, while PeV SUSY breaking is compatible with
the measured SM Higgs mass. We can obtain the correct
ALPino relic abundance from the LOSP decay after its
freeze-out.

Not only the sub-PeV ALPino mass, but also the en-
ergy of an ALP emitted by the ALPino decay is uniquely

determined by Vk as E� = mVk ' 50GeV. The ALP
is converted to photon during the propagation in the
Galactic magnetic field. We have stressed that the ALP
emitted from the ALPino decay shows a unique signa-
ture that can be distinguished from usual DM decay into
photon pair. Detailed comparison with existing Fermi-
LAT data [43, 44] and prospects in future facilities [45]
deserves a further investigation [48].
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mand, Mon. Not. Roy. Astron. Soc. 441, 6 (2014),
1309.5960.

[13] A. H. G. Peter, Phys. Rev. D81, 083511 (2010),
1001.3870.

[14] A. H. G. Peter, C. E. Moody, and M. Kamionkowski,
Phys. Rev. D81, 103501 (2010), 1003.0419.

[15] N. F. Bell, A. J. Galea, and K. Petraki, Phys. Rev. D82,
023514 (2010), 1004.1008.

[16] A. H. G. Peter and A. J. Benson, Phys. Rev.D82, 123521
(2010), 1009.1912.

[17] S. Aoyama, K. Ichiki, D. Nitta, and N. Sugiyama, JCAP
1109, 025 (2011), 1106.1984.

[18] M.-Y. Wang and A. R. Zentner, Phys. Rev. D85, 043514
(2012), 1201.2426.

���������

��× ��-�

���× ��-�

���× ��-�

��	× ��-�

��×��-� ���×��-� ���×��-� ��	×��-�

��������

4
���������

��× ��-�

���× ��-�

���× ��-�

��	× ��-�

��×��-� ���×��-� ���×��-� ��	×��-�

��������

��������	

���×��-� ���×��-� ���×��-� ��×��-�

���������

FIG. 2: Top: Mollweide projected sky map of gamma-
ray flux converted from ALP emitted from ALPino decay.
We take ma = 10�8 eV, ga� = 10�13 GeV�1, �Ebin =
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field profile introduced in Ref. [55] and the Navarro-Frenk-
White dark matter profile [56, 57]. The color legend denotes
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2��/(dE�d⌦) in units of MeV/cm2/s/sr. Bottom: The

same as the top panel but for DM decaying into two photons.
We set the lifetime 1028 s and the DM mass 94GeV.

probability, so it depends not only on the DM profile
but also on the Galactic magnetic field profile.The top
panel of Fig. 2 depicts the morphology of the converted
gamma-ray flux. One can compare it with the morphol-
ogy of the gamma-ray flux from DM decaying into two
photons shown in the bottom panel of Fig. 2. These two
morphologies are clearly di↵erent since the former is a
convolution of the DM density profile and the conversion
probability, while the latter traces just the DM density
profile. Note that the top panel is also di↵erent from the
morphology found in Refs. [58, 59] since they consider
an extragalactic isotropic ALP background and thus
their morphology traces just the conversion probability.

Concluding Remarks – We have considered an ALPino
decaying into slightly lighter graivitno and an ALP with
the lifetime ��1

ã ' 10Gyr and the kick velocity Vk '

30 km/s. Such a model of DDM solves the small-scale
problems arising in the cold dark matter model, while
it evades constraints from probes of high-redshift matter
distribution. The sub-PeV ALPino mass is predicted by
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ã and Vk, while PeV SUSY breaking is compatible with
the measured SM Higgs mass. We can obtain the correct
ALPino relic abundance from the LOSP decay after its
freeze-out.

Not only the sub-PeV ALPino mass, but also the en-
ergy of an ALP emitted by the ALPino decay is uniquely

determined by Vk as E� = mVk ' 50GeV. The ALP
is converted to photon during the propagation in the
Galactic magnetic field. We have stressed that the ALP
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⌧ã ' 3⇥ 1018 sX 6Q` Pa�(s,⌦) BM 1[X UjV- i?2 �TT`QtBK�i2/ 7Q`KmH� b?QrM BM 1[X U3kV Bb mb2/X
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FIG. 2: Top: Mollweide projected sky map of gamma-
ray flux converted from ALP emitted from ALPino decay.
We take ma = 10�8 eV, ga� = 10�13 GeV�1, �Ebin =
20GeV, and E� = 47GeV. We use the Galactic magnetic
field profile introduced in Ref. [55] and the Navarro-Frenk-
White dark matter profile [56, 57]. The color legend denotes
E2

�d
2��/(dE�d⌦) in units of MeV/cm2/s/sr. Bottom: The

same as the top panel but for DM decaying into two photons.
We set the lifetime 1028 s and the DM mass 94GeV.

probability, so it depends not only on the DM profile
but also on the Galactic magnetic field profile.The top
panel of Fig. 2 depicts the morphology of the converted
gamma-ray flux. One can compare it with the morphol-
ogy of the gamma-ray flux from DM decaying into two
photons shown in the bottom panel of Fig. 2. These two
morphologies are clearly di↵erent since the former is a
convolution of the DM density profile and the conversion
probability, while the latter traces just the DM density
profile. Note that the top panel is also di↵erent from the
morphology found in Refs. [58, 59] since they consider
an extragalactic isotropic ALP background and thus
their morphology traces just the conversion probability.

Concluding Remarks – We have considered an ALPino
decaying into slightly lighter graivitno and an ALP with
the lifetime ��1

ã ' 10Gyr and the kick velocity Vk '

30 km/s. Such a model of DDM solves the small-scale
problems arising in the cold dark matter model, while
it evades constraints from probes of high-redshift matter
distribution. The sub-PeV ALPino mass is predicted by
��1

ã and Vk, while PeV SUSY breaking is compatible with
the measured SM Higgs mass. We can obtain the correct
ALPino relic abundance from the LOSP decay after its
freeze-out.

Not only the sub-PeV ALPino mass, but also the en-
ergy of an ALP emitted by the ALPino decay is uniquely

determined by Vk as E� = mVk ' 50GeV. The ALP
is converted to photon during the propagation in the
Galactic magnetic field. We have stressed that the ALP
emitted from the ALPino decay shows a unique signa-
ture that can be distinguished from usual DM decay into
photon pair. Detailed comparison with existing Fermi-
LAT data [43, 44] and prospects in future facilities [45]
deserves a further investigation [48].
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We set the lifetime 1028 s and the DM mass 94GeV.
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CONCLUSION
• Cold dark matter (CDM) is successful to explain current universe.

• Shortcomings arise at small scale structure, <O(100) kpc.

• Decaying dark matter (tau~10 Gyr, Vk~30 km/s) is a good & interesting 
alternative.

• Axino-like particle        Axion-like particle + Gravitino provide a good 
decaying dark matter scenario.

• ALP-photon conversion produces distinct signal; morphology, energy 
scale.

• Gravitational probes are also important in future research.


